Abstract-The aims of this study are to compare plasma levels of IL17A, A/F, and F biomarkers in RA patients versus controls, and to determine responsiveness to methotrexate (MTX), anti-TNFs, and abatacept. We selected plasma samples from RA cohorts consisting of a cross-sectional RA cohort (N=78) not receiving DMARDs at the time of sampling, as well as from longitudinal drug start cohorts (N=71 patients) with pre/post samples including anti-TNF, abatacept, and MTX-treated patients. We assayed IL-17A, IL-17F, and IL17-A/F using a highly sensitive immunoassay system. Plasma levels of IL-17A, IL-17A/F, and IL-17F were all significantly increased in RA versus controls. The difference was largest in IL-17F, with median IL-17F levels in RA patients being approximately 18-fold higher than controls (81 pg/mL in RA vs. 4.4 pg/mL in controls, p<0.001). Among the forms of IL-17, only IL-17F was decreased after therapy in the MTX cohort (p=0.006), abatacept cohort (p<0.001), and anti-TNF cohorts (p=0.02), whereas IL-17A and IL-17A/F were not significantly decreased for any of the three drug cohorts. Synovial fluid analysis demonstrated higher IL-17F levels in RA (p=0.016) than healthy controls. These results suggest a specific role for IL-17F in human RA pathogenesis and as a therapeutic target.
INTRODUCTION
Th17 cells and their cytokine products-the interleukin-17 (IL-17) family-have been recognized for involvement in the pathogenesis of autoimmune diseases, particularly rheumatoid arthritis (RA). Across preclinical studies, IL-17 has been specifically shown to induce inflammatory cytokine production (such as IL-1, TNF, and IL-6), and promote bone erosion and cartilage destruction by release of MMPs and RANKL [1] .
IL-17 is comprised of a family of six distinct but homologous units (A-F). The two subunits are best characterized form homodimers IL-17AA (IL-17A) and IL-17FF (IL-17F), which share 50 % homology, and have many similar biologic properties [2] . A heterodimeric form of IL-17, IL-17 A/F, also exists. Traditionally, IL-17A has been considered a more potent inducer of inflammation, followed by IL-17A/F heterodimer, followed by IL-17F [3] . However, important pro-inflammatory roles for IL-17F have been recognized, particularly in the presence of TNF-a, both of which are known to be synergistic [4, 5] . The relevance of the IL-17A/F heterodimer in human disease is yet unknown.
Serum IL-17 levels measured by ELISA have been found to be both elevated in RA and correlate with disease activity [6] , and also decrease in response to anti-TNF therapy [7] ; however, conflicting reports exist in the literature [8, 9] . This may be in part due to the low naturally occurring abundance of IL-17 in serum and plasma. Of note, the prior studies have been limited to the assessment of IL-17A alone, not IL-17F. In this study, we sought to assess the combined biology of plasma IL-17A, A/F, and F concentrations with a highly sensitive immunoassay system across cohorts of RA patients. The RA cohorts included a cross-sectional cohort, as well as three drug cohorts with longitudinal (pre/posttreatment) assessments including methotrexate (MTX), anti-TNF biologics, and abatacept (CTLA-4Ig, a CD28/B7 co-stimulation modulator). In addition, IL17A, A/F, and F assays were performed on independent samples of synovial fluid specimens from patients with RA, OA, and healthy controls.
METHODS
We assayed plasma concentrations of the novel biomarkers IL-17A, IL-17F, IL17-A/F, as well as standard inflammatory cytokines (IL-1B, TNF-a, IL-6R alpha, IL-6, and IL-1RA) metallomatrix proteinase−2 (MMP-2) and hsC-reactive protein (hsCRP) using the highly sensitive Erenna® Immunoassay System (Singulex, Inc., Alameda, CA), which is based upon single molecule counting technology and has been described in detail previously [10] . The latter markers (hsCRP, IL-1B, IL6, and sTNFRII) were selected to reflect cohort and assay validity.
Briefly, the assay involved two steps: first, the immunoassay component involved the capture of the specific biomarker onto paramagnetic microparticles coated with a capture antibody and subsequent detection with an Alexafluor labeled secondary antibody. Second, the single molecule counting component involved the counting of fluor labeled detection antibodies in a 100-μm capillary flow system after the immune complex on the paramagnetic microparticles was disrupted. IL-17A and IL-17F assays used antibodies specific to the biomarker, while the IL-17A/F assay used an IL-17A capture and an IL-17F detection antibody. This highly sensitive technology has been previously used in numerous different biomarkers [11] [12] [13] .
The analytic characteristics (limit of detection pg/mL, lower limit of quantification pg/mL, average low range CV, and average biomarker concentration in plasma obtained from healthy volunteers) for the IL-17 assays were determined to be IL-17A/F, 0.06, 0.3, 5 %, 0.61 pg/mL; IL-17A, 0.004, 0.05, 6 %, 0.35 pg/mL; and IL-17A/F, 0.4, 1.6, 7 %, 21.3 pg/mL. Specificities for the IL-17 biomarker assays were demonstrated by testing samples spiked with IL-17A, F, and A/F at concentrations 100-fold greater than the assay limit of quantification (see Supplementary Table S1 ).
Positive immunoassay interference from rheumatoid factor (RF) is a potential concern when testing plasma samples from rheumatoid arthritis patients. The assays were controlled for nonspecific reactivity to rheumatoid factor, heterophile antibodies, and human anti-mouse antibodies by inclusion of appropriate blockers (goat and mouse IgG as well as MAK-33; Roche) in the assay buffers. Of note, MAK-33 was specifically designed to block RF interferences.
During development, the assays were tested for RF interference using a panel of plasma from 16 RA patients with RF values ranging from 43 to 100. The idea being that if a specific sample caused assay interference, it would be noted across all assays. Such finding was not observed. In addition, the resulting biomarker values were correlated with RF values. If there was assay interference due to RF, one might expect biomarker results to correlate with the RF values. Out of all the assays, IL-6 was the only assay that provided a statistically significant Spearman correlation (r=0.52, p=0.38) with RF. To specifically test for potential RF interference on the IL-17F assay, 10 RF positive (values 70-270) plasma from non-RA patients and 25 plasma from healthy volunteers were tested in the assay. No differences were noted between the two groups. The RF positive plasma was also spiked with recombinant IL-17F to a final concentration of 50 pg/mL and then diluted serially (1:2) dilutions. When these preparations were tested for IL-17F, spike recovery of 100 % (range 92-110 %) and dilutional linearity of 99 % (range 92-108 %) were found. Taken together, these findings demonstrate that RF does not cause either positive or negative assay interference.
Plasma samples from previously recruited RA cohorts (N=148) as well as controls from a knee osteoarthritis (OA) cohort (N=128) were selected for analysis. The RA cohorts consisted of a cross-sectional RA cohort of 77 patients who were DMARD-naïve or not currently treated with DMARDs, as well as longitudinal drug start cohorts (N=71 patients) with pre/post samples including 33 anti-TNF starts, 27 abatacept starts, and 11 MTX starts. Clinical assessments across all cohorts at all study time points included tender and swollen 28-joint counts, patient global disease activity assessment (0-100), and ESR to enable calculation of the DAS28-ESR. Informed consent was obtained for all patients with approval from the New York University institutional review board.
Median biomarker values between RA versus OA cohorts were compared using the Wilcoxon rank sum test, and adjusted comparisons for age and gender were made using multivariate linear models. Correlations of markers were assessed using Spearman rank correlations. Change in marker value with treatment was assessed by the ratio of the post-drug value to the pre-drug value. Marker and ratio values were log-transformed. RA treatment cohorts were categorized into good/moderate versus nonresponders based on established EULAR response criteria using the DAS28 measure [14] . Synovial fluid analysis for IL-17 forms was carried out in a separate cohort of DMARDnaïve RA patients, OA patients, and healthy individuals (n=5 for each group). Analyses were performed using SPlus 7.0 and StatXact-8.
RESULTS

Plasma Biomarker Levels RA Versus Controls
Baseline demographics and characteristics of RA patients can be seen in Table 1 . Expectedly, patients receiving anti-TNF and abatacept had longer disease duration than both DMARD-naïve patients and those patients initiating methotrexate (MTX) therapy.
Of controls, 63 % were female, 68 % Caucasian, with a mean age of 65.3 years (SD 9.8). As expected, hsCRP, IL-6, and IL-6 R alpha were all significantly higher in the cross-sectional RA cohort than in OA controls (p<0.001 for each comparison) (Table S2) .
Plasma levels of IL-17A, IL-17A/F, and IL-17F were all significantly increased in RA versus controls. The difference was largest in IL-17F, with median (interquartile range) IL-17F levels in RA patients (n=77) being approximately 18-fold higher than controls (n=128) (81 pg/mL [31-245 pg/mL] in RA vs. 4.4 pg/mL[4.4-29 pg/mL] in controls), (p<0.001 in both univariate and multivariate comparisons adjusted for age and gender). Results for IL-17F in RA versus control patients are shown in Fig. 2 . For IL17A and IL17A/F, the difference between RA and control cohorts was smaller in magnitude (0.30 pg/mL[0.22-0.50 pg/mL] vs. 0.20 pg/mL[0.13-0.33 pg/mL], p<0.001 and 2.6 pg/mL[1.9-4.0 pg/mL] vs. 2.1 pg/mL[1.6-2.9 pg/ mL], p=0.002, respectively) than IL17F comparisons. Differences in IL17-A/F did not retain significance in adjusted models.
A small but significant decrease in IL-17F with increasing age was seen in a multivariate model (p<0.001). No other significant relationship was detected between levels of IL-17A, A/F, or F with age, gender, or race/ethnicity. In the cross-sectional RA cohort, the correlation between DAS28-ESR and IL-17F (rho = 0.32) was somewhat higher than DAS28-ESR and IL-17A (rho=0.11), although neither demonstrated strong correlations.
Plasma IL-17 Levels Pre-and Post-Therapy in RA Inflammatory and cytokine/receptor markers measured both pre-and posttherapeutics across RA cohorts in shown in Table 2 . Expectedly, inflammatory markers and pro-inflammatory cytokines/receptors such as hsCRP, IL-6, sTNF-RII, and IL-1b were variably decreased after MTX or biologic therapy. Among forms of IL-17, only IL-17F was consistently decreased after therapy across 
Synovial Fluid (SF) IL-17 Family Levels
As shown in Table 3 , SF from both RA and OA patients had significantly elevated IL-17F levels compared to age-matched nonarthritic healthy individuals (p=0.016 and 0.048, respectively). No significant difference was seen in SF IL-17F levels between RA and OA patients. In contrast, SF IL-17A levels were not found to be different among any of the three groups.
DISCUSSION
T cells have long been suspected as playing a key role in RA pathogenesis, a disease characterized by synovial inflammation, pannus formation, cartilage destruction, and bone erosion. Th-17 cells have been added to the T cell repertoire, and along with their cytokine product-IL-17-have been found to promote RA across a series of experimental models [3] . Therapeutics targeting IL-17 across multiple autoimmune diseases including RA are under evaluation in randomized controlled trials [15] .
As IL-17 cytokines are typically present in low concentrations in human plasma/sera, we used a highly sensitive and previously validated immunoassay system based upon novel single molecule counting for accurate quantification. As baseline concentrations for each of the IL-17 cytokine types in the RA cohorts were on average over 50-fold greater than assay sensitivity, we could optimally detect differences between cohorts and the effect of therapies, although caution is needed in result interpretation as the power of the study was limited particularly when different treatment groups were compared.
Subjects with knee OA were selected as controls for the study. As expected, the OA control cohort was older than RA patients. However, models adjusted for age and gender showed that the difference between RA patients and OA controls-particularly for IL-17F-still retained strongly significant differences. We thus believe that our results reflect a true difference relating to the RA disease process rather than confounding factors.
With respect to synovial fluid analyses, it is of interest that both RA and OA synovial fluid IL-17F levels were The log ratio of patients' post-to pretreatment marker was different from 0 (the expected value if there were no effect) at the following significance levels: *0.01≤p<0.05; †0.001≤p<0.01; ‡p<0.001 Above depicts plasma IL-17F concentrations in OA patients (controls) and RA patients. Data presented as median (longest horizontal bar) and interquartile range (smaller horizontal bars) each dot is an individual patient. Of note, the interquartile range is quite small for OA patients. RA rheumatoid arthritis, OA osteoarthritis.
higher than healthy controls, suggesting that intraarticular cytokine-driven inflammatory processes are active in both diseases. Within the joint, it is important to note that IL-17 production may act to promote cartilage damage, since it exerts catabolic effects, increasing both nitric oxide and prostaglandin production [16, 17] . In adjusted models, IL-17A and IL-17F, and not IL-17A/F, were significantly higher in DMARD-naive RA patients than controls. Interestingly, the magnitude difference was more profound for IL-17F. We found only a modest degree of correlation between DAS and IL-17F and virtually no correlation with IL-17A. Furthermore, when pre/posttreatment patients were divided into clinical responders versus nonresponders, IL-17F levels were decreased across both subgroups of responders with high significance (p<0.001).
In the pre/posttreatment cohorts, IL-17A levels were not significantly decreased with MTX, anti-TNFs, or abatacept. In contrast, levels of IL-17F were markedly decreased across the three RA treatment groups. Our study is the first to our knowledge to demonstrate these contrasting effects between IL-17A and IL-17F with respect to responsiveness to drug interventions.
Abatacept exhibited statistically similar reduction in IL-17F to TNF-inhibitors. The downstream effects of abatacept (CTLA4-Ig) blockade of CD28/B7 costimulation are quite complex, and its effect on the Th-17 cell subset in humans is yet unknown. Of note, cells other than Th-17T cells are known to produce IL-17 [18] , and one group has reported mast cells as the prominent producer of IL-17 in RA synovial tissue [19] . Thus, downstream effects of abatacept not specifically involving Th17 cells must be considered.
Our study results add to the literature on the relative importance of IL-17F versus IL-17A in RA patients, and the results may be relevant to the role of these isoforms in other autoimmune and chronic inflammatory conditions. Whereas IL-17A and IL-17F do share 50 % homology with similar biologic properties, IL-17A has been considered the more potent inducer of inflammation, when compared to IL-17F [2] [3] . Nevertheless, an important proinflammatory roles for IL-17F has been recognized, particularly in the presence of TNF-a, suggesting a synergistic role for IL-17F [4, 5] . This synergistic role for IL-17F in the presence of TNF-a may be relevant in other autoimmune and inflammatory diseases with upregulation of TNF-a and other pro-inflammatory cytokines.
CONCLUSION
Overall, the results of this study suggest that IL-17 isoforms, and in particular IL-17F levels, are higher in RA than controls. Synovial fluid IL-17F, but not IL-17A, is higher in RA patients than controls. IL-17F, but not IL17A or A/F, also decreases with multiple classes of DMARDs, including marked reductions in clinical responders. These results suggest a specific role for IL-17F in human RA pathogenesis and as a therapeutic target.
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